Positive pressure suits are widely used at 
Introduction
A range of equipment and facilities is used by those working at Biosafety Level 4 (BSL-4) to protect operators to the exposure risk from group 4 microbial agents. World Health Organization guidance sets out a number of effective options to ensure operator safety (WHO, www.who. int/csr/resources/publications/biosafety/biosafety7.pdf). In the United Kingdom, a number of BSL-4 laboratories use a series of interconnected Class III microbiological safety cabinets (MSC) that are joined together to form a continuous sealed cabinet line (HSE, 2008) . MSC cabinets, as used in BSL-3 laboratories or as fixed lines in BSL-4 laboratories, can present inherent ergonomic issues due to their inflexibility for changes in working methods and physical and space limitations, and are not generally suitable for animal husbandry (Bacon & Hatch, 2009; Bushwell et al., 2001; Clark et al., 1988; HSC, 1997; Sharpe et al., 2010; Williams et al., 2009) . As a consequence of these drawbacks, the majority of BSL-4 laboratories across the world use positive-pressure containment suits (Enserink, 2003) . Air-fed positive-pressure suits enable operators to work with microorganisms on the laboratory bench and in openfront microbiological safety cabinets within the laboratory, or carry out animal husbandry duties with enhanced range of motion and visibility as compared to staff conducting work using cabinet lines (Walker et al., 2011) . As such, Public Health England (PHE) is currently planning a new BSL-4 facility in which it plans to use BSL-4 suits to provide added flexibility to the work being undertaken and to allow for work using a wider range of animal models, some of which may be loose-housed, potentially resulting in greater gross contamination to the suits. While the suit provides protection to the operator within it, the suit still requires decontamination after use to remove any external microbial contamination before the operator disrobes (Klaponski et al., 2011) . For the decontamination phase, a two-stage showering process is normally used during which an initial shower decontamination step is followed by a rinsing step. The object of this showering process is to remove microbiological contamination, not necessarily to inactivate the agent, as the wastewater is subsequently collected in a waste holding tank that is subjected to sterilization by heat before discharge from the facility. The volumes of wastewater generated by the chemical showers have a direct impact on the size and cost of the effluent systems, both in terms of initial installation and on-going operational costs.
This study assesses the efficacy of the shower decontamination phase to remove a microbial surrogate from the surface of two different BSL-4 suits used by a range of operators. It also undertakes an initial assessment of wastewater volumes generated by the shower systems.
tional Research Ethics Service for ethical approval, which was granted prior to the work commencing.
Suits
Two different BSL-4 suits were used in this study. Medium and large suits were purchased from ILC Dover (Frederica, DE) and Delta Protection distributed by Sperian Protective Clothing (Z.A. de Berret, Bagnols sur Cèze, France). Both suits were standard types and functionally similar; however, a number of differences in the design of the two suit types are highlighted below.
ILC Dover Suit Design-The ILC Dover Chemturion (Model 3525) suit (Figure 1 ) is robust and strongly made. However, some areas of the suit can be shielded from the decontamination process during showering, such as the extended flaps which hang over the outer surface of the suit and through which the exhaust air passes. Also, the boots, which are mechanically attached to the end of the suit legs, have an extended flap over the boot mounting that creates an area that is not exposed during the cleaning process. Additionally, the suit material is welded together with raised seams at the joints, which could create shadowing during the showering process.
Delta Suit Design-The Delta Protection suit is of a lighter construction and the welded seams are flat and smooth. The boots are integral to the suit and the exhaust valves do not mask the external suit material. Delta suits are not supplied in standard sizes; each suit is tailor made to each end-user's personal measurements, which ensures a good fit for each staff member. However, for this project the company agreed to provide suits in average, medium, and large sizes with dimensions provided by PHE. The suits gave a good fit to many staff, but were very tight on staff with larger body builds.
Shower Facility
A chemical shower unit (Damping Shower, Hughes Safety Showers, Stockport, UK), previously used for BSL-3 high-containment work, was used for this study. The unit consisted of a pair of single-occupancy, walk-through, shower decontamination cubicles (210 cm high x 87 cm wide x 87 cm in diameter) joined end-to-end. Each cubical had eight horizontal and two overhead fine-mist spray nozzles (Figures 2a and 2b) . The first cubicle provided the main chemical shower, with the disinfectant added via an external dosing unit (DI210 Dosatron Injector 2, Dosatron International S.A.S., France). The second cubicle provided a water-only rinse cycle to remove any residual disinfectant prior to exiting the shower.
The dosing system was designed to deliver a nominal 0.6%-1.6% of concentrate to the shower heads. The dosing concentration was validated by measuring the flow using a measuring cylinder. When directly measured, a maximum level of 2% concentrate was achievable at the nozzle heads.
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Figure 1
Operator in Dover suit in front of chemical shower.
Shower Cycles
The showers were supplied with filtered, softened mains water (Liff Limefighter, Water Filters UK and Kinetico Cold Water Softeners, Kinetico, Ltd., UK). The water was not heated and was approximately 18ºC at the shower head. All tests used a 4-minute chemical cycle (maximum 25 L water) and a 2-minute rinse (maximum 16 L). An inline water pressure gauge and flow meter were fitted after the water softener to record the water pressure and volumes supplied to the shower system. During the cycles the supply pressure was between 54 PSI and 58 PSI.
Breathing Air System
A dedicated breathing air system was installed for use with the air-fed suits. This consisted of a dual-breathing air cartridge filter system (Sperian Clearflow Coalescing Filter Unit, Arco, UK), designed to work with industrial compressed air systems, combined with a locally installed industrial compressor (ABAC B3914-150, ABAC, UK). The air was extracted from the same area of the basement as the shower installation. The suits were connected via dedicated breathing lines (3M Airline Hose, 10 meter, Arco, UK), allowing for reasonable mobility.
Disinfectants and Detergents
At the outset of the project, a brief written survey of other BSL-4 institutions was undertaken to determine the flow rates and chemicals used at each site. Microchem plus (Quaternary ammonium + surfactant, National Chemical Laboratories, Philadelphia, PA) was found to be the most widely used disinfectant in BSL-4 facilities. However, it was not licensed for use in Europe and hence could not be used for this study in the UK. Virkon (potassium mono persulfate and sodium chloride, Antec International, Ltd., UK) was also found to be a widely used, broad-spectrum virucidal veterinary disinfectant and was chosen for the initial studies. However, with the existing shower installation and dosing system, a maximum of 0.2% was achievable at the shower head instead of the standard recommended working concentration of 1%. During the course of the project, Desintex (biguanide-alkylamine, a quaternary ammonium compound, Laboratoires Rochex, France) was also used within the existing PHE BSL-4 facility as a surface decontaminant at a concentration of 3%. It was used at concentrations of 0.25% and 2%, reflecting the manufacture's recommendation of 0.25% for surface cleaning and the highest possible concentration achievable with our system (2%).
To evaluate the sporicidal effectiveness of the disinfectants under working conditions, swatches of suit material were loaded with bacterial spores as described below and then immersed in Virkon (0.2%), Desintex (2%), and tap water. The spores were then recovered from each swatch and the recoveries compared. With both disinfectants, at the maximum concentrations used, no indication of a sporArticles Figure 2 A: Schematic of shower dimensions. B: Walk through shower as was used in high-containment.
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icidal effect was evident. Hence, it can be concluded that under these conditions any loss in recovery would be due to mechanical removal.
To determine the effect of the disinfectants on the dried spores, the following tests were undertaken. Swatches of ILC Dover suit material were loaded with the bacterial spores, as described below, and after fully drying, three were immersed in distilled water and three were immersed in a solution of the disinfectant for 10 minutes at the concentrations being delivered to the shower head. Both sets of swatches were then carefully removed and rinsed with demineralized water. The remaining spores were then recovered using the methods below and a comparison made between the recoveries from those swatches immersed in disinfectant and those in water alone. No significant difference was found between the two sets of samples, indicating the disinfectant had no significant sporicidal effect.
Test Organism
Bacillus atrophaeus (NCTC 10073)
A primary, high-spore concentration was prepared by the PHE Production Division under pharmaceutical conditions (Sharp et al., 1989) . and was washed three times in distilled water and heated to 60ºC for 1 hour to kill any vegetative cells. This original primary suspension was then stored at 4ºC prior to use. The test suspension for this current study was then prepared by making a suitable dilution of the original primary stock into distilled water, which was then heat shocked at 60ºC for 15 minutes to ensure that only viable spores were present. This suspension was assayed using serial dilutions and plated onto Tryptone Soy Agar (TSA, Biomerieux, France) plates (incubated at 37±2ºC overnight) to achieve a spore concentration of 8.85 x 10 8 cfu per ml.
Experimental Method
Suits were marked with 15 or 18 test circles (18 mm diameter) to give a representative coverage on the front of the body and on the sole of the boots. The sample positions were replicated as closely as possible for each type of suit. Three positive control circles (swabbed after drying but prior to decontamination) and three negative control (not contaminated and sampled post-decontamination) circles were drawn on dried decontaminated suits with a waterresistant marker (Figure 3) . Due to the size-restricted dimensions of the shower cubicle, undertaking buddy showering was not possible, and hence the test points reflected the areas that a single operator could reasonably reach. An aliquot of the spore suspension (10 μl) was pipetted onto the center of each test and positive control circle and the suits were placed on a horizontal surface to dry for at least 2 hours. This method was chosen to simulate splashes of biological material onto the suit surface during use, leaving a small, concentrated, and dried spore tracer. The use of carrier soils or bio-burdens was considered; however, to effectively simulate the wide range of materials and scenarios in which contamination would be present was beyond the scope of this study and the dried spores from distilled water represented a significant challenge compared to having the spores effectively imbedded in a dried layer of potently soluble material on the suit surface. Immediately before the shower cycle was run, the three positive-control areas were swabbed with pre-wetted cotton wool swabs (Tubed Sterile Dryswab, Medical Wire & Equipment, UK) that were placed into 5 ml of phosphate-buffered saline (PBS).
The BSL-4 suit was then connected to the breathing air system and the showering operation commenced. Following the decontamination cycle, the test circles and three non-contaminated negative-control circle areas were then swabbed as above. The swabbed samples were vortex mixed (1 minute) and serial dilutions carried out. Aliquots (100 μl) were plated onto TSA plates that were incubated overnight at 37ºC prior to enumeration. The results were expressed as log cfu reduction compared to the average of the three positive controls. If there was no recovery from the assay above, some or all of the samples were filtered through a 0.2 micron Cellulose Nitrate Membrane filter (Whatman, UK) and the filter then placed on TSA and incubated as above. After each experiment the suits were decontaminated with 5% sodium hypochlorite, rinsed with copious amounts of water, and left to dry overnight on a suitable rack.
Active Cleaning Using a Brush
A firm soft brush (John Whitaker WDB25, Scats, UK) was used to ensure active cleaning without the risk of abrasive damage occurring to the suit surfaces and vision panels. The brush was chosen for it size, grip shape, and soft, dense bristle pattern.
Test Cycles Static Tests
Static shower tests (i.e., no scrubbing) were undertaken with volunteers to assess water flow in the shower to remove the biological contamination. The volunteers started in the dosing shower facing forward, then turned their bodies by 90º every 30 seconds to ensure full coverage of the suit.
Active Cleaning Using a Soft Brush
The volunteers were given basic instructions on the use of the shower and brush (active cleaning), which highlighted the importance of covering all areas of the suit. They were not given direct instruction on the location of the test points, many of which were hard to see during the showering process. They brushed themselves for 2 minutes during the 4-minute chemical cycle. A cohort of experienced staff was used on a number of occasions to assess whether repeatability would improve the performance of cleaning the microbial contamination from the suit surface.
Figure 3
Layout of test and control circles on the different areas of both the Delta (white) and ILC Dover suits (blue).
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Comparative Study of Removal from Stainless Steel or Suit Swatches
Following completion of the main body of this work, another study was subsequently published on showering efficacy using a different methodology: A virus suspension was dried onto stainless-steel brushed coupons and attached to the surface of Dover suits by powerful magnets (Klaponski et al., 2011) . This methodology differed from this study because it directly contaminated the surface of the suit. To allow comparison of the two techniques and the use of steel coupons, a short comparative study was carried out as follows.
A number of initial trials were performed using different soils to simulate laboratory contamination. The soil quoted by Klaponski et al. (2011) (5% Bovine Serum Albumin (BSA), 7% tryptone, and 20% mucin) resulted in a thick paste that could not be effectively manipulated using the methodology of this study. In addition, the BSA (5%) and Dulbecco's Modified Eagle's Medium (VWR, UK) both formed dried inoculants that easily peeled from the surface of both the suit material and the coupons tested.
Hence, test suspensions using demineralized water, PBS, and 1% BSA were prepared directly before inoculation onto the suit surface.
Swatches of used ILC Dover suit material (10 cm x 10 cm) were produced and marked with four inoculation points equally and centrally positioned 2 cm from the middle of the swatch. Two polished stainless-steel coupons (Raven UN-100-ST, Cherwell Laboratories, Bicester, UK) were glued to two of the points, while the others were left clear.
Onto each of the four swatches, approximately 10 6 cfu B. atrophaeus spores was inoculated to each point, either directly onto the suit surface or onto the corresponding steel coupon. Three of these were then attached to rigid flat holders, each positioned 15 cm from a shower nozzle such that the spray from the nozzles evenly impacted the inoculated surfaces of the swatch. Another swatch was stored in the laboratory as a positive control.
A 4-minute shower cycle was then run with water only, after which each sample point on the three test swatches and the positive control were then swabbed as before and processed to determine the removal of the spores.
Results
One of the objectives of this study was to define the volume required for a waste treatment facility based on the cycle volumes shown to be effective at removing biological contamination. To assist in this assessment, an anonymous survey was undertaken regarding the flow rates and chemicals used in a number of suited BSL-4 facilities; the survey showed that different BSL-4 laboratories used different volumes in their showers (Table 1) . For example, the chemical cycle ranged from 10-68l, the rinse cycle 35-160l and the total volume used per cycle ranged from 45-228l. In the eight BSL-4 facilities surveyed, only Microchem and Desintex were found to be used, with the majority using Microchem (7 out of 8 facilities).
Microbial Assessment of the Suits Positive Controls
To ensure consistency and minimize the effect of any environmental factors that could affect the final spore loading on each suit, the results for each test were calculated using the positive control recoveries from that same suit, not an average over a number of runs. The theoretical loading on each test point was 8.85 x 10 6 cfu. The actual recoveries ranged from 2 x 10 6 cfu to 8 x 10 6 cfu, with an average across all test runs of 5 x 10 6 cfu.
Negative Controls
Swabs were taken in three areas adjacent to three of the test spots (Figure 3 : T1, T5, and T9) to detect crosscontamination of the suit surface. Only 20% of samples were above the limits of detection. The levels found were mostly >5 log cfu below the original loading on the adjacent test spots, suggesting that no significant dispersal of the contamination across the suit surface occurred.
Showering in the Absence of Brushing
The initial results using showering (in the absence of brushing) with water only resulted in less than 1 log cfu reduction at all sample points tested (4 cycles) (Figure 4 ). When Virkon was used at 0.1% (3 cycles), an improvement in the log cfu reduction occurred, but this was still below a 2 log cfu reduction. When Desintex (2%) was tested, there was a marginal improvement in the log cfu reduction compared to the water control (Figure 4) .
Active Decontamination and Cleaning of the BSL-4 Suit Using Brushing
When brushing was incorporated into the protocol using Virkon (0.1%-0.2%) (10 cycles) and Desintex 0.25% (4 cycles), an improvement in the cleaning process ( Figure  5 ) occurred, with a 2-3 log cfu reduction in the presence of the microbial tracer on most of the sample points. The front of the body and head visor demonstrated a 3 and 4 log cfu reduction, respectively. There was no significant difference between the two products at the concentrations used.
When the concentration of Desintex was increased from 0.25% to 2% for each suit type, an improvement in the reductions was achieved with a small but statistically significantly higher (paired T-test) Table 1 Basic showering parameters used in BSL-4 existing facilities from survey during 2010.
Dover suit (4 cycles) as compared to the Delta suit (6 cycles) (Figure 6 ). A total of 10 shower cycles (168 sample points) were completed, which achieved an average 3.4 log cfu reduction compared to the controls with an improved reduction with the ILC Dover suits (3.8 log cfu reduction) in comparison to the Delta suit (3.2 log cfu reduction). However, the above results include all runs for all volunteers. When the data for the volunteers who had little or no prior experience with the shower system were removed, for example for those that passed through the shower unit only once, an improvement in the reductions was achieved. The average reduction rose from 3.4 log cfu to 3.9 log cfu, with a 4.2 log cfu reduction for the ILC Dover suit (3 runs) and a 3.6 cfu log reduction with the Delta suits (3 runs).
Comparative Study of Removal from Stainless Steel or Suit Swatches
Independent of the suspending medium, standard Ttests showed that with the stainless-steel coupons, there was a significantly higher reduction in spore recovery than from suit materials. On average, over a log cfu reduction (Table 2 ) difference was found between the steel coupons and the suit material, indicating that the coupons were not a good analogue for suit material.
Discussion
There are a range of European and international standards for testing disinfectants with a corresponding range of performance requirements, depending on the microbial agent, test type, contact time, and active biocidal. Typically, reductions in the range of 3 log to 5 log are required and specific standards such as EN 13697:2001 (British Standards Institute, 2001 , which relates to surface tests for chemical disinfectants, require a pass criteria of greater than 4 log reductions for bacteria; hence, a 4 log reduction was selected as a requirement for this study for the decontamination of the suits.
This study was carried out to measure the effectiveness of showering to remove biological contamination from BSL-4 suits using B. atrophaeus as a biological indicator. This evidence-based study was undertaken to provide information on the volumes of water needed to effectively decontaminate a BSL-4 suit after use in the laboratory, and hence how much water would be required to be stored and sterilized for a functional suited BSL-4 facility per user (Walker et al., 2011) . The storage and sterilization of this effluent water are expensive, so the less water used by each shower cycle, and subsequently sterilized, would reduce the cost of this process. Current UK guidance from the Advisory Committee on Dangerous Pathogens (www.hse.gov.uk/ aboutus/meetings/committees/acdp/) states that fogging systems are the preferred method for cleaning (i.e., "To minimise the amount of run-off water that has to be treated in the effluent waste tanks, a 'fog' system may be preferred over a 'running water' system"). However, since information on the efficacy of BSL-4 decontamination showers is limited in the scientific literature, not much information
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Figure 4
Showering with Desintex (2%), Virkon (0.1%) and water in the absence of brushing (numbers in parenthesis represent the number of samples points).
Figure 5
Decontamination and cleaning using Virkon at 0.1-0.2% and Desintex at 0.25% while brushing.
Figure 6
Decontamination of both the Delta and Dover suits using physical cleaning combined with 2% Desintex.
is published that supports the water volumes used in this cleaning process. Consequently, during this study, the authors carried out a brief survey of water volumes and chemicals used by other BSL-4 facilities.
This study has demonstrated that using an experimental system, physical brushing would be required to achieve the desired 4 log cfu reduction. In the absence of brushing, a reduction of less than 2 log cfu was achieved with all disinfectants at all sites on both types of suits ( Figure 3 ). Brushing with a low concentration of disinfectants (Virkon at 0.1%-0.2% and Desintex at 0.25%) increased the average log cfu reduction to between 2 log and 4 log cfu, also for all sites and with both suits. Using a higher concentration of Desintex (2.0%) achieved greater than 4 log cfu reductions in some areas of the suits, with a higher removal from the ILC Dover Suit.
This improvement may have been due to staff gaining more experience and thus achieving increased effectiveness in the shower cleaning process. These results may suggest that structured training should be part of any future studies and may in itself directly lead to improved decontamination of the suits.
The most important factor in determining the efficacy of the removal of contamination from suits was the sample location on the suit surface. The highest reductions were found with the head, front of the body, and the arms, with average log cfu reductions of 4.56, 4.18, and 3.44, respectively. Lower reductions were found with the body sides, legs, crotch, and boots, with average log cfu reductions of 3.14, 2.86, 2.82, and 2.70, respectively. Potentially, this may have been caused by difficulty in reaching certain sites, and in some instances creasing of material, that prevented access to and active removal of the contamination. This was exacerbated where suits were not sized to the operator, which prevented the occupants from reaching their lower legs. When the suits were properly sized, it was physically easer to reach the lower regions including the soles of the boots, and as staff became more experienced in wearing the suits, there was improved mobility. Hence, further training and experience were seen as requirements in the decontamination process along with the correct sizing of the suit to the user. Introduction of the physical scrubbing regimen demonstrated improved removal of the microbial tracer than was previously achieved, but with variable results across the different locations of the contamination on the suit surface (1 log-5 log cfu reduction). The visor material demonstrated a higher level of removal than any other contaminated area of the suit, while in contrast and perhaps not surprising, the sole of the suit boots was the most difficult to clean. As also shown by the coupon results, there is a clear indication of variation in cleanability of different materials.
While the results may suggest that the ILC Dover suit was marginally easier to clean than the Delta suit, which could be an inherent property of the suit material, other issues also need consideration. In actual use, some features of the ILC Dover suit may counteract any advantage. These include areas being blinded by exhaust flaps and the very pronounced welds across the surface of the suit that leave raised edges. This study has looked only at the flat surface of the suits, and the welds on the ILC Dover suit may have the potential to become dirt traps that may hinder cleaning. Conversely, the Delta suits have flat welds, leaving seamless surfaces that may make them easier to clean in real applications.
Another study that was recently published used viruses dried onto brushed stainless steel and held by magnets to the surface of an ILC Dover suit during the showering process (Klaponski et al., 2011) . Those researchers noted higher reductions in biological contamination than were found in the study results presented here. There are a number of possible reasons for this. Firstly, this study focused only on microorganism removal from suits while the other study measured a combination of removal and inactivation. Secondly, there are clear differences between the two shower systems used in these studies, and the use of a more complex soil base and brushed steel coupons as opposed to the test suspensions above, loaded directly onto the suits or polished stainless steel may have altered adherence to the surfaces and hence the mechanical removal characteristics. However, both the coupon tests and the main body of this work clearly indicate that there are differing levels of adherence, with differing surface types. This is clearly indicated by the consistently high level of removal from the visor material on both suits compared to the main suit material or boots. Given the variation between different materials, it is therefore recommended that the use of simple analogues, such as steel coupons, be treated with caution and that final validation should always be undertaken using the actual suits or materials indicative of the materials used in the suit construction.
Pathogenic microorganisms could not be used in this study because it was not carried out under microbiological containment and as such a biological spore tracer was used to assess removal of biological material from the BSL-4 suits during the decontamination process. This noninfectious surrogate tracer was used to mimic the contamination pattern that may occur on a BSL-4 suit with work involving loose-housed animals. The goal of this study was to measure removal of biological material as part of the decontamination cycle and not microbial killing, which is undertaken by sterilization in the waste tank that collects fluid from the shower. As spores are known to be resistant and recalcitrant to disinfectants, they were viewed as an appropriate surrogate tracer for this purpose. From the survey of BSL-4 facilities, the authors were aware that the wash volumes currently used ranged from 45l to 228l per shower per suit. This study has demonstrated that during a 45 L shower cycle, a mean 3.7 log cfu reduction was achieved, providing a measure against which protocols can be developed using an established evidence base.
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In conclusion, this study demonstrated that static showering with water or with disinfectants was not effective at removing biological contamination from the BSL-4 suits. In contrast, active cleaning, involving physical cleaning with a brush, enhanced the removal of the biological contamination. The efficacy of microbial contamination removal during showering was affected by the suit fit to the operator and the operator's level of experience. With enhanced and dedicated training and improved staff competency, it is anticipated that the levels of biological contamination being removed from the suits can be improved.
This study was limited to a single shower design and nozzle type, designed to deliver disinfectant evenly over the whole suit but not necessarily to dislodge contamination by the force of the water; therefore, additional work is required to determine the effectiveness of more aggressive shower nozzles in a more realistic or actual BSL-4 shower installation. However, the comparative studies using swatches of material with coupons were performed with the test material only 15 cm from a nozzle. This is closer than would be the case during actual showering, and test sites were directly impacted by output of the nozzle for the duration of the cycle. Yet no significant improvement in the removal of the bacterial spores from the suit material occurred compared to normal showering without active scrubbing. Future studies, therefore, need to consider improvements to the protocols, including improved training for the suit operators, as well as carrying out the study in a BSL-4 pass-through shower facility to simulate real life scenarios within a BSL-4 facility, as well as using viral surrogates or BSL-4 agents.
